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Simple Summary: The protocols for manual weighing of turkeys are not practical on turkey farms
because of the large body sizes, heavy weights and flighty nature of turkeys. The sounds turkeys
make may be a proxy for bird weights, but the relationship between turkey sounds and bird weights
has not been studied. The aim of this study was to correlate the sound of turkeys with their age and
weight and examine the possibility of using sound to predict bird weights. The study consisted of
four trials in Egypt. Sounds of birds and their weights were recorded for 11 days during the growth
period in each trial. A total of 2200 sounds were used to manually analyze and label each sound using
the peak frequency. There was a highly significant negative correlation between the peak frequency of
vocalizations and the weight and age of the turkeys, showing that the peak frequency of vocalizations
can be used for predicting the weight of turkeys.
Abstract: Protocols for manual weighing of turkeys are not practical on turkey farms because of the
large body sizes, heavy weights and flighty nature of turkeys. The sounds turkeys make may be a
proxy for bird weights, but the relationship between turkey sounds and bird weights has not been
studied. The aim of this study was to correlate peak frequency (PF) of vocalization with the age
and weight of the bird and examine the possibility using PF to predict the weight of turkeys. The
study consisted of four trials in Egypt. Sounds of birds and their weights were recorded for 11 days
during the growth period in each trial. A total 2200 sounds were manually analyzed and labelled by
extracting individual and general sounds on the basis of the amplitude and frequency of the sound
signal. The PF of vocalizations in each trial, as well as in pooled trails, were evaluated to determine
the relationship between PF and the age and weight of the turkey. PF exhibited a highly significant
negative correlation with the weight and age of the turkeys showing that PF of vocalizations can be
used for predicting the weight of turkeys. Further studies are necessary to refine the procedure.
Keywords: turkey production; peak frequency; vocalization; weight prediction; animal welfare
1. Introduction
With rapid population expansion, improved quality of life and urban development in most parts of
the world, agricultural development is playing an increasingly important role in the global economy [1].
Livestock/crop production is becoming increasingly industrialized worldwide, shifting from extensive,
small-scale production systems towards more intensive, large-scale, specialized and commercially
oriented enterprises [2]. According to the Food and Agriculture Organization (FAO) global turkey meat
production increased by 13.5% between 2011 and 2018 as output rose from 5.2 to 5.9 million tons [3].
Due to selective breeding, turkeys now grow faster, reach slaughter weight at a younger age, and yield
more edible meat than previously [4]. Also, application of welfare assessments in turkey production
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is commonplace and these measures have important impacts on a producer’s economic revenue [5].
Turkey weights are important as they relate to the health and welfare of birds [6]. Animal weight also
is an economically important feature in livestock breeding. Weight is used as an indication about the
general state of welfare of an animal, as well as about the biological parameters that influence the
physical growth and health of animals [7]. Weight also is used to identify the optimum slaughtering
age and to investigate the effects of selection on growth curve parameters [8].
The protocols for weighing turkeys require corralling and physically handling the birds. However,
these methods are not practical on commercial turkey farms because the large body sizes, heavy
weights and activity and flighty (i.e., erratic) nature of turkeys make their handling difficult and
dangerous for the birds and handlers. Besides, manually measuring the weight of a turkey requires
labor and deprives the farmer of useful time. Therefore, non-contact methods to record the weight of
turkeys during their growth should be developed both to support producers and to promote animal
welfare. For this purpose, the use of automatic animal monitoring or precision livestock farming (PLF)
tools may be useful for collecting information about physiological responses [9], growth [10], social
interactions [11], health and welfare status [12] and vocalizations [13] of the turkeys. Development
and validation of easy-to-apply methodologies such as PLF tools for weighing and welfare assessment
of turkeys is a critical step for reducing economic losses [14].
One possible PLF tool is audio data; analysis of bird sounds has been widely used in a large
number of bird studies [15]. This technique may resolve many of the challenges associated with the
weighing and assessment of welfare in turkey flocks. For example, Liu et al. [16] analyzed turkey
sounds and showed that turkey vocal sounds could be successfully used as an early warning tool for
heat stress detection. Fontana et al. [17] proposed a method to measure the growth of broiler chickens
by analyzing the sounds they made. Their study showed a highly significant correlation (p ≤ 0.001)
between the peak frequency (PF) of vocalization and the age and weight of broilers; they then used
the relationship define a model for PF of vocalization and bird weight. Fontana et al. [18] validated
the model of Fontana et al. [17] and developed it as an automatic tool for detecting the growth of
chickens based on the PF of their vocalizations during the production cycle. Unfortunately, there
is lack of an animal-based protocol for on-farm welfare assessment and weighing of commercially
produced turkeys [19]. In fact, the relationship between turkey sounds and their weight has not yet
been studied. Thus, the objective of this study was to analyze turkey vocalizations under normal
commercial production conditions and correlate the analyzed sounds with the age and weight of
the turkeys. Moreover, the possibility of using one or more specific parameters (such as PF) of the
vocalizations as a predictor of the weight of the turkeys in their growing period (four months) was
assessed on four different flocks.
2. Materials and Methods
2.1. Study Location and Ethics
The study monitored four groups of turkeys (i.e., four trials) and was conducted from December
2018 to February 2020. The trials were carried out in the research farm belonging to the Animal
Production Research Institute (APRI), Agricultural Research Center (ARC), located in the north of
Egypt. The Institute’s ethical rules for animal research were followed and the study plan was approved
by the Institute’s Research Committee on 18 December 2017 (code no. 020203429).
2.2. Bird Management
Hybrid turkeys [Converter (Hendrix Genetics BV, NL)] were monitored. Flocks were housed at 13
days of age and a total of 570 birds were included in the four trials (Table 1). The birds were mixed
sex. Initially, flocks were raised in a brooder and then transferred to grow-out houses from 8 weeks
of age until the end of the production cycle, which occurred at approximately 18 weeks of age. The
turkeys were raised on wood shavings and/or rice hulls. The brooder was warmed to 30 ◦C before
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the young turkeys arrived and each week the temperature was reduced about 3–4 ◦C. The birds were
fed ad libitum and had fresh water available during the entire experimental period. All houses had
mesh windows on the sides of the buildings, and were equipped with automatic drinkers and manual
feeders, and with manually controlled ventilation systems. Natural light, which entered the house
through the windows, was supplemented with artificial lighting (incandescent lamps) for a total of
23 h of light per day. The brooder house measured 3.0 m × 3.0 m and grow-out houses measured 10.0
m × 15.0 m; all houses in the study had these dimensions.
Table 1. Total number of birds monitored, day numbers (age of turkeys) for making recordings and
weighing birds, and the duration of each trial.
Trial No. Total No. of Birds Day Numbers for Sound Recording andBird Weighing Duration, Days
1 250 13, 23, 28, 36, 49, 56, 71, 84, 92, 112 and 119 13–119
2 120 13, 20, 30, 52, 70, 77, 84, 91, 98, 106 and 119 13–119
3 100 13, 17, 37, 49, 67, 74, 88, 95, 103, 116 and 124 13–124
4 100 13, 27, 39, 57, 72, 79, 86, 93, 114, 122 and 128 13–128
2.3. Data Collection
Flock sounds were recorded in the brooder and the grow-out houses during all trials using a
laptop computer coupled to a microphone with a high frequency response (Sennheiser K6/ME4000,
frequency response 40–20,000 Hz ± 2.5 db), which was held in place using a short tripod. Sound
recordings were collected using the microphone placed at a height between 0.2 m and 0.4 m depending
on the height/age of the turkeys.
Flock sounds were recorded for 11 days in each trial for 30 min each day at 13-14 h without human
presence in the place. The days when recordings took place are reported in Table 1. On the same days
of recordings, the weights of the turkeys also were recorded. For weighing, 30 birds from the mixed
sex were randomly selected and were manually weighed using a high-precision (0.005 kg) digital scale
(A&D Company, Ltd., Tokyo, Japan).
2.4. Sound Analysis
In each trial, a total of 550 sounds from 11 days of recordings (50 sounds per day, 2200 in total),
were chosen at random and selected for analysis. Sound recordings were manually analyzed and
labelled using Adobe®AuditionTM CS6 software (Adobe, San Jose, CA, USA, www.adobe.com). The
first five minutes of recordings were not included in the sound analysis because the behavior of the
turkeys might have been influenced by the setup of the equipment. Every recording file was segmented
into shorter files of 5 min to simplify the sound analysis. Sound labelling involved the extraction of
animal sounds and general sounds coming from the whole flock based on the amplitude and frequency
of the sound signals [2].
Labelling is a manual procedure based on acoustic analysis combined with visual spectral analysis.
In this study, labelling was used to extract fragments of sounds from each recording. This involved
selecting and extrapolating the sounds that were classified as useful vocalization sounds (avoiding
those associated with conflict and stress) via audio analysis and visual observation of the spectrogram,
following guidance of Ferrari et al. [20]. Using the CS6 software, each sound was identified and
analyzed using time (x-axis) and frequency (y-axis). The option “Fast Fourier Transform” (FFT) was
used to obtain the PF from the frequency analyses of each sound. A hamming window in the FFT
dimension was used as shown Figure 1. The PF represents the frequency of maximum power and was
obtained manually using the FFT option. The frequencies lower than 1000 Hz were removed because
observations of the spectrograms indicated these sounds were background noise.
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Figure 1. Screenshot of a specific vocalization is highlighted for being analyzed using Adobe® Audition
TM CS6 software (Adobe, San Jose, CA, USA, www.adobe.com). In the window the time-frequency
vocalization graph is shown, while the inset represents the frequency analysis.
2.5. Data Processing
2.5.1. Estimation of the Relationships among Age, Bird Weight and PF in Each Trial
For each trial, means and standard error for the weights and PF of the sound emitted by the
turkeys at different ages were estimated using the PROC GLM procedure in SAS 9.3 statistical analysis
software (SAS, Cary, NC, USA, www.sas.com). The daily means for the weights and corresponding PF
at different ages were used to estimate the linear regression and correlation in the four trails, separately.
The PROC REG procedure in the SAS 9.3 software was used to analyze data from each trial to obtain
regression models that predicted both the weight and PF using the age, and that predicted the weight
using the PF. The PROC procedure in the SAS 9.3 software was used to analyze data from each trial
and estimate the correlations among PF, age and weight. The regression models to predict the body
weight using the PF from each trial were then assessed using the data obtained in the other trials.
For each trial, the observed mean weight and the mean weight predicted by the regression models
were obtained. Accuracy of the regression models was evaluated using the coefficient of determination
(r2) which describes the proportion of the variance in the dependent variable that is predictable
from the independent variable, it ranges from 0 to 1, when r = 1 indicates that all the variance of
the dependent variable is explained by the independent variable [21], slope of the regression line
(b) which if =1 indicates to the model perfectly reproduces the magnitudes of measured data [22],
Nash-Sutcliffe efficiency (NSE) that indicates how well the plot of observed versus predicted data
fits the 1:1 line, in the case of regression procedures it is ranging between 0 and 1 [22] and when the
NSE = 1 corresponds to a perfect match of modelled to the observed data [23], the root mean square
error (RMSE) that measures the average prediction error made by the model in predicting the outcome
for an bservation and the lower the RMSE is in t e better the model, and fractional bias (FB) that
bas on the difference between the predicted and observed values divided by average predicted and
observed values and the optimal value of FB is 0, ith low-magnitude values in ic ting accurate
model stimation an the p sitive values indicate m del underestimation bias, and negative valu s
indicate model overestimation bias [22].
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2.5.2. Estimation of the Relationships among Age, Weight and PF Based on Pooled Data
Analysis of variance (ANOVA) was used to test the differences across variables of age, weight and
PF in the four trials. The option SOLUTION with the PROC GLM procedure in SAS 9.3 software was
used to estimate the effects of trials on the regression variables estimates.
All the daily means for the bird weights and PF of the sounds in the four trials were used to
determine three linear regressions that predicted the weight using age, predicted PF using age, and
predicted weight using the PF. To evaluate the differences among trials, the regressions obtained from
the pooled data were used to predict the bird weights by the PF in each trial, individually.
The PROC REG procedure in the SAS 9.3 software was used to estimate the linear regression and
correlation as explained above. These regression models were then used to predict the weight and PF
in all the trials. Accuracy of the regression models was evaluated by the statistics mentioned above
and according to Moriasi et al. [22].
2.5.3. Definition and Validation of a Model to Predict Turkeys’ Weight Using the PF of
Their Vocalizations
The data obtained in all trials, pooled together, were used to define a prediction model to estimate
the weight of the turkeys during their growth based on the PF of their vocalizations. To define and
validate the model, the data were processed using Unscrambler 9.7 software (CAMO, Oslo, Norway).
All daily means for the weight, PF and age were used in the software’s Cross-Validation procedure to
estimate the correlation and regression between weight and PF.
Accuracy of the regression model was evaluated by the statistics mentioned above and according
to Moriasi et al. [22].
3. Results
3.1. Estimated Relationships among Age, Bird Weight and PF in Each Trial
Means of the observed turkey weights (g) during the four trials are presented in Figure 2. As
expected, body weights increased with increasing bird age in all trials.
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The means of the PFs of vocalizations by turkeys (Figure 3) decreased with increasing bird age.
The PF values ranged from 2907 to 1084 in the growing periods (days 13 to 128) of all trials.
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The linear regressions between the PF of vocalizations and the age of turkeys are shown in Figure 5.
The coefficients of determination exceeded 97% in each trial.
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Each regression model shown in Figure 6 was used to predict the weight by PF of turkey
vocalizations in the other three trials. The statistics for evaluating the performance of the regression
models are presented in Table 2.
Table 2. Estimation the turkey weight using the peak frequency of vocalizations in each trial based on
the regression models.
Estimated Weight (G) Using Peak Frequency
with the Four Regression Models Evaluation Statistics
Models Mean Observed Mean Predicted
Model Trial-1 r2 b NSE RMSE FB
Trial-2 6517.8 6196.7 0.962 1.022 0.975 757.96 −0.97
Trial-3 6318.6 6597.0 0.933 1.272 0.866 1604.23 −1.77
Trial-4 7553.2 7925.2 0.984 1.190 0.943 928.60 −0.06
Model Trial-2
Trial-1 6534.5 6842.4 0.970 0.933 0.970 1010.391 0.085
Trial-3 6318.6 6902.6 0.966 1.221 0.880 1507.981 −1.184
Trial-4 7553.2 7925.2 0.984 1.190 0.943 928.60 −0.06
Model Trial-3
Trial-1 6534.5 6815.4 0.943 0.739 0.913 1,626.33 0.75
Trial-2 6517.8 6558.5 0.962 0.778 0.939 1,182.72 0.82
Trial-4 7553.2 7874.4 0.984 0.906 0.979 584.48 0.13
Model Trial-4
Trial-1 6534.5 6393.8 0.943 0.809 0.967 1312.14 0.23
Trial-2 5609.6 5405.7 0.962 0.851 0.978 994.80 −0.05
Trial-3 6318.6 6446.1 0.933 1.060 0.981 913.08 −0.71
r2 = coefficient of determination, b = slope of regression line, NSE = Nash-Sutcliffe efficiency, RMSE = the root mean
square error, FB = fractional bias.
3.2. Estimated Relationships among Age, Weight and PF Based on Pooled Data
The results of ANOVA to test for significant differences in variables among the four trials showed
no statistically significant effects of trials on any variable; thus, the null hypothesis (Ho: T1 = T2 = T3 =
T4) was accepted and confirmed that the PF of turkey vocalizations was not significantly (p < 0.05)
different in the four trials.
For the pooled dataset, there was a very highly significant positive correlation (r2 = 0.96, p <
0.0001) between turkey weight and age (Figure 7). The linear regression model developed from the
pooled data is described by Equation (1), in which Weight predicted is the projected weight (g) of birds
based on their age (Age, days).
Weight predicted = (137.56 × Age) − 2808.1 (1)
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Similarly, based on the pooled data there was a highly significant negative correlation (r2 = 0.97, p
< 0.001) between the PF of turkey vocalizations and their age (Figure 8). Figure 8 also shows the linear
regression model that predicts PF of the vocalization as a function of turkey age.
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Furthermore, using the pooled dataset, it was possible to confirm a significant negative correlation
(r2 = 0.97, p < 0.001) between the PF of the vocalizations and the weight of the turkeys (Figure 9).
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frequency (PF) turkey vocalizations based on pooled data from all trails.
The linear regression model for predicting the weight (g) of turkeys using the PF (Hz) of their
vocalizations is given as Equation (2):
Weight predicted = (− . (2)
The results of using Equation (2) to predict the weight of turkeys in each trial are presented in
Table 3.
Table 3. Esti ated turkey eights in each trial and evaluation statistics of the accuracy for using
Equation (2).
Estimated Weight (G) Using Peak Frequency
(Equation (2)) Evaluation Statistics
Trial no. Mean Observed Mean Predicted r2 b NSE RMSE FB
Trial-1 6445.8 . 0.966 0.918 0.961 1,073.978 0.079
Trial-2 6656.4 0.982 0.945 0.977 739.867 −0.322
Trial-3 6488.7 . 0.986 1.078 0.970 810.424 −0.2 8
Trial-4 7393.7 7022.8 0.970 0.965 0.964 959.408 −0.435
r2 = coefficient of determination, b = slope of regression line, NSE = Nash-Sutcliffe efficiency, RMSE = the root mean
square error, FB = fractional Bias.
Table 3 shows that the coefficient of determination (r2), the regression slope (b) and the
Nash–Sutcliffe efficiency (NSE) were very close to a value of 1 when applying Equation (2) to
data from each trial. These model evaluation statistics suggest that there was a very good match
between the predicted weights and the observed weights according to limits suggested by Van Liew et
al. [21], Moriasi et al. [22] and Ritter and Muñoz-Carpena [23]. The fractional bias (FB) values were
close to 0.0, which also indicated a good match between observed and predicted turkey weights.
3.3. alibration and alidation of a odel to Predict the Weight of Turkeys Using the PF of Their Vocalizations
Scatter plots (Figure 10) show close agreement between observed turkeys weights and weights
predicted during calibration and validation.
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Most of the weights that were predicted using the PF of the turkey vocalization in all the days
through the four trials were very close to the observed weights (Supplementary Files, Table S1).
The model evaluation statistics resulting from the calibration and validation by using
cross-validation are reported in Table 4. The assessment produced a high degree of linearity between
the predicted and measured turkey weights during both the calibration and validation assessments,
which indicated that the model was acceptable [22]. The acceptability of the model was reinforced by
values for r2 (very close to 1) and FB (close to 0). Although the bias of the model was higher during
validation than during calibration (Table 4), this was a typical outcome; nevertheless, the bias was low
in both assessments. The RMSE values during calibration and validation were low and differed by
only 5.1%, providing further evidence that the model was acceptable [24]. Based on these results, the
model was deemed to be an acceptable model through which the PF of turkey vocalizations could be
used to predict the weight of turkeys.
Table 4. Model evaluation statistics during calibration and cross-validation when predicting the weight
of turkeys using the PF of their vocalizations.
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4. Discussion
4.1. Weight-Age Relationship
During the four trials, body weights of turkeys increased as the birds increased in age and were
similar to those observed by Yilmaz et al. [4] for the commercial hybrid used in these experiments.
Yilmaz et al. [4] reported that the mean body weights of turkeys were 6.500 and 11.172 kg at days 75
and 105 of age, respectively, whereas in the present study, they were 6.551 and 11.314 kg at days 75 and
106, respectively.
There has been increased interest in analyzing the weight-age relationship of animals raised
commercially [25]. The changes in body weight as a function of age define the “growth curve” [26].
Equation (1) describes the model developed in this study and is applicable for predicting the weight
of turkeys using their age throughout the most growth period (approximately 120 days). The
estimation of growth pattern parameters can be important for the economic viability of production. In
livestock-breeding, growth patterns are used to determine the general state of health of the animals, to
investigate the effects of selection on growth curve parameters, to identify the optimum slaughtering
age, to identify the breeding age, and to identify the age of sexual maturity [8]. Equation (1) may be a
useful way to obtain indicative bird weights as a function of age in turkeys. Of course, this equation is
an empirical equation and it could be applied only for this hybrid turkey and the conditions which this
study was conducted.
4.2. Weight-Sound Relationship
PF is a very common parameter used in analyses of acoustic variation. The sound analysis in
this study was based on the PF that was measured by audio spectra using a FFT. This mathematical
function converts a signal to the frequency domain and the output consists of values specifying the
amplitudes associated with a sequence of frequency components within an entire signal (called the
“power spectrum” or the “magnitude spectrum” of the waveform) [27]. The spectrograms are excellent
tools for extracting acoustic features that help visualize and describe the acoustic signals, as well as for
comparing sound recordings through frequency contours and identifying sounds of interest [20].
The mean PFs for turkey vocalizations ranged from 2907 Hz (on day 13) to 1084 Hz (on day 128)
during the growing period. Analysis of sounds by FFT in a study by Liu et al. [16] revealed that the
main frequency range of turkey vocal sounds was between 2500 Hz (at 8 weeks) and 600 Hz (at 16
weeks) during the growing period, while non-vocal sounds ranged in frequency between 10 Hz and
1500 Hz. Thus, there was some overlap of the two types of sounds in the frequency range from 600 to
1500 Hz. As shown in Figure 3, the frequencies of turkey sounds in this study were near 2500 Hz on
the days within the first 8 weeks of poult growth, in agreement with values measured by Liu et al. [16].
There was a clear decrease in the PF of turkey vocalizations with increasing age and weight of
turkeys in the four trials (and in the resulting pooled dataset). The evaluation statistics for the accuracy
of the regression model that was used to predict turkey weight on the basis of PF. Equation (2) showed
a highly significant negative correlation between weight and PF. These results are in agreement with
results reported for turkeys by Liu et al. [16] and reinforce findings of previous studies that reported
changes in animal vocalizations as the animals grow [28]. The PF of broiler chicken vocalizations also
is very highly correlated ((p < 0.0001)) with the age and weight of birds [17], permitting the use of
PF to predict changes in bird weight. All these conform that the modern acoustic and digital signal
processing techniques offer solutions to problems and these are widely uses in animal management
field [29,30].
Cross-validation, sometimes called “rotation estimation” or “out-of-sample testing”, used to test
ability to make predictions of independent observations, showed that the model was acceptable.
It is now generally agreed that vocalizations consist of travelling waves generated by
airflow-induced oscillation of elements in the wall of the syrinx that convert some of the airflow’s
kinetic energy into acoustic energy [31]. These oscillations are presumably sustained by interaction
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between the vocal tract and air from respiratory system [32]. Little is known about how the respiratory
tract or vocal tract develops to achieve adulthood sound. However, young birds must undergo many
changes on their way to adulthood. From a physiological view, young birds are able to coordinate
respiratory system and muscular system control of the vocal organ with the fine control of airflow [33].
These developments may explain the causes for the changes shown in the PF of vocalizations as a
function of age or body weight. The system for sound production as a function of a bird’s age and
growth stage presents an interesting model for exploring the development and control mechanisms in
sound generation.
5. Conclusions
Even though they are empirical, the results from this study clearly demonstrate that the PF
of turkey vocalizations can be used to predict bird weights. This technique will allow a farmer to
automatically monitor the growth of turkeys and avoid manual handling, which is difficult and
dangerous, both for the birds and the handlers. Although the specific predictive model developed
in this study (i.e., Equation (2)) is strictly applicable only to the conditions encompassed in this
study, it shows that audio monitoring can serve as means by which to obtain useful indicators about
the growth of turkeys. As such, it is a promising technique for the development of an automated
growth-monitoring assessment tool for use by turkey farmers. However, further research is necessary
to improve the algorithms for predicting bird weight based on the PF of their vocalizations. In the
least, these studies should include a variety of study conditions to generalize the applicability of the
predictive equations.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/5/866/s1,
Table S1: Observed and predicted weights in calibration and validation model based on PF.
Author Contributions: Conceptualization, G.P. and E.-S.M.A.-K.; Formal analysis, E.-S.M.A.-K., A.F. and F.M.B.;
data curation, S.E.I., S.F.Y. and E.-S.M.A.-K.; Methodology, F.M.B., S.F.Y. and S.E.I., Supervision, G.P.; project
administration, E.-S.M.A.-K.; Writing—review and editing, E.-S.M.A.-K., G.P., F.M.B. and A.F. All authors have
read and agreed to the published version of the manuscript.
Funding: This research was conducted within the framework of the project “Precision livestock farming applied
on turkey”, which was funded by the Science and Technology Development Fund (STDF) in Egypt under code
no. 25468.
Acknowledgments: The authors greatly appreciate the help of Marcella Guarino and Emanuela Tullo in the
University of Milan, Hoda Shabaan and staff in the turkey farm, Mahalet Mosa in APRI and staff in STDF, for their
support in this research.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.
References
1. Cao, Y.; Li, D. Impact of increased demand for animal protein products in Asian countries: Implications on
global food security. Anim. Front. 2013, 3, 48–55. [CrossRef]
2. Tullo, E.; Fontana, I.; Guarino, M. Precision livestock farming: An overview of image and sound labelling.
In Proceedings of the 6th European Conference on Precision Livestock Farming, Leuven, Belgium, 10–12
September 2013; pp. 30–38.
3. FAO. FAO Statistical Database. 2018. Available online: http://www.fao.org/faostat/en/#data/QL/metadata
(accessed on 20 February 2020).
4. Yilmaz, O.; Denk, H.; Kucuk, M. Growth performance and mortality in Hybrid Converter turkeys reared at
high altitude region. Bulg. J. Agric. Sci. 2011, 17, 241–245.
5. Krautwald-Junghanns, M.-E.; Ellerich, R.; Mitterer-Istyagin, H.; Ludewig, M.; Fehlhaber, K.; Schuster, E.;
Berk, J.; Petermann, S.; Bartels, T. Examinations on the prevalence of footpad lesions and breast skin lesions
in British united turkeys big 6 fattening turkeys in Germany. Part I: Prevalence of footpad lesions. Poult. Sci.
2011, 90, 555–560. [CrossRef] [PubMed]
Animals 2020, 10, 866 14 of 15
6. Beaulac, K.; Schwean-Lardner, K. Assessing the effects of stocking density on turkey tom health and welfare
to 16 weeks of age. Front. Vet. Sci. 2018, 5, 213. [CrossRef]
7. Tariq, M.M.; Iqbal, F.; Eyduran, E.; Bajwa, M.A.; Huma, Z.E.; Waheed, A. Comparison of non-linear functions
to describe the growth in Mengali sheep breed of Balochistan. Pak. J. Zool. 2013, 45, 661–665.
8. Sogut, B.; Celik, S.; Ayasan, T.; Inci, H. Analyzing growth curves of turkeys reared in different breeding
systems (intensive and free-range) with some nonlinear models. Braz. J. Poult. Sci. 2016, 18, 619–628.
[CrossRef]
9. Kramer, K.; Kinter, L.B. Evaluation and applications of radiotelemetry in small laboratory animals. Physiol.
Genom. 2003, 13, 197–205. [CrossRef]
10. Mollah, M.B.R.; Hasan, M.A.; Salam, M.A.; Ali, M.A. Digital image analysis to estimate the live weight of
broiler. Comput. Electron. Agric. 2010, 72, 48–52. [CrossRef]
11. Krause, J.; Krause, S.; Arlinghaus, R.; Psorakis, I.; Roberts, S.; Rutz, C. Reality mining of animal social systems.
Trends Ecol. Evol. 2013, 28, 541–551. [CrossRef]
12. Kays, R.; Crofoot, M.C.; Jetz, W.; Wikelski, M. Terrestrial animal tracking as an eye on life and planet. Science
2015, 348. [CrossRef]
13. Blumstein, D.T.; Mennill, D.J.; Clemins, P.; Girod, L.; Yao, K.; Patricelli, G. Acoustic monitoring in terrestrial
environments using microphone arrays: Applications, technological considerations and prospectus. J. Appl.
Ecol. 2011, 48, 758–767. [CrossRef]
14. Ferrante, V.; Lolli, S.; Ferrari, L.; Watanabe, T.T.N.; Tremolada, C.; Marchewka, J.; Estevez, I. Differences in
prevalence of welfare indicators in male and female turkey flocks (Meleagris gallopavo). Poult. Sci. 2019, 98,
1568–1574. [CrossRef] [PubMed]
15. Pérez-Granados, C.; Bota, G.; Giralt, D.; Barrero, A.; Gómez-Catasús, J.; La Rosa, D.B.; Traba, J. Vocal activity
rate index: A useful method to infer terrestrial bird abundance with acoustic monitoring. Ibis 2019, 161,
901–907. [CrossRef]
16. Liu, L.; Ni, J.; Li, Y.; Erasmus, M.; Stevenson, R.; Shen, M. Assessment of heat stress in turkeys using animal
vocalization analysis. In Proceedings of the American Society of Agricultural and Biological Engineers
(ASABE) Meeting Presentation, Detroit, MI, USA, 29 July–1 August 2018; Paper Number 1801743. [CrossRef]
17. Fontana, I.; Tullo, E.; Butterworth, A.; Guarino, M. An innovative approach to predict the growth in intensive
poultry farming. Comput. Electron. Agric. 2015, 119, 178–183. [CrossRef]
18. Fontana, I.; Tullo, E.; Carpentier, L.; Berckmans, D.; Butterworth, A.; Vranken, E.; Norton, T.; Berckmans, D.;
Guarino, M. Sound analysis to model weight of broiler. Poult. Sci. 2017, 96, 3938–3943. [CrossRef] [PubMed]
19. Marchewka, J.; Estevez, G.; Vezzoli, V.F.; Makagon, M.M. The transect method: A novel approach to on-farm
welfare assessment of commercial turkeys. Poult. Sci. 2015, 94, 7–16. [CrossRef]
20. Ferrari, S.; Silva, M.; Guarino, M.; Aerts, J.M.; Berckmans, D. Cough sound analysis to identify respiratory
infection in pigs. Comput. Electron. Agric. 2008, 64, 318–325. [CrossRef]
21. Van Liew, M.W.; Arnold, J.G.; Garbrecht, J.D. Hydrologic simulation on agricultural watersheds: Choosing
between two models. Trans. ASABE 2003, 46, 1539–1551. [CrossRef]
22. Moriasi, D.N.; Arnold, J.G.; Van Liew, M.W.; Bingner, R.L.; Harmel, R.D.; Veith, T.L. Model evaluation
guidelines for systematic quantification of accuracy in watershed simulations. Trans. ASABE 2007, 50,
885–900. [CrossRef]
23. Ritter, A.; Muñoz-Carpena, R. Performance evaluation of hydrological models: Statistical significance for
reducing subjectivity in goodness-of-fit assessments. J. Hydrol. 2013, 480, 33–45. [CrossRef]
24. Lorenzo, T.; Levi, W.; Curtis, H.; Giovanni, P. Bayesian nonparametric cross-study validation of prediction
methods. Ann. Appl. Stat. 2015, 9, 402–428. [CrossRef]
25. Eleroglu, H.; Yıldırım, A.; S¸ekerog˘lu, A.; Çoksöyler, F.N.; Duman, M. Comparison of growth curves by
growth models in slow-growing chicken genotypes raised the organic system. Int. J. Agric. Biol. 2014, 16,
529–535.
26. Rizzi, C.; Contiero, B.; Casandro, M. Growth patterns of Italian local chicken populations. Poult. Sci. 2013,
92, 2226–2235. [CrossRef] [PubMed]
27. Elemans, C.P.H.; Heeck, K.; Muller, M. Spectrogram analysis of animal sound production. Bioacoustics 2008,
18, 183–212. [CrossRef]
28. Mcloughlin, M.P.; Stewart, R.; McElligott, A.G. Automated bioacoustics: Methods in ecology and conservation
and their potential for animal welfare monitoring. J. R. Soc. Interface 2019, 16, 20190225. [CrossRef]
Animals 2020, 10, 866 15 of 15
29. Gerhardt, H.C.; Huber, F.; Simmons, A.M. Acoustic communication in insects and anurans: Common
problems and diverse solutions. J. Acoust. Soc. Am. 2003, 114, 671–772. [CrossRef]
30. Zollinger, S.A.; Podos, J.; Nemeth, E.; Goller, F.; Brumma, H. On the relationship between, and measurement
of, amplitude and frequency in birdsong. Anim. Behav. 2012, 84, e1–e9. [CrossRef]
31. Lockner, F.R.; Youngren, O.M. Functional syringeal anatomy of the Mallard. I. In situ electromyograms
during ESB elicited calling. Auk 1976, 93, 324–342.
32. Riede, T.; Goller, F. Peripheral mechanisms for vocal production in birds-differences and similarities to
human speech and singing. Brain Lang. 2010, 115, 69–80. [CrossRef]
33. Riede, T.; Goller, F. Morphological basis for the evolution of acoustic diversity in oscine songbirds. Proc. R.
Soc. B 2014, 281. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
